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1. Introduction
+XPDQH[SRVXUHDQGWKHDVVRFLDWHGKHDOWKHIIHFWV
LQKRW VSRW DUHDV DUH VWURQJO\DIIHFWHGE\SROOXW-
DQWVZLWKDKLJKO\ORFDOFKDUDFWHUVXFKDVQLWURJHQ
dioxide (NO2ZKLFKH[KLELWVWURQJFRQFHQWUDWLRQ
gradients at relatively small scales. Numerical air 
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quality models operating at continental and global 
VFDOHVZKLFKHPSOR\VSDWLDOUHVROXWLRQVRIWKHRUGHU
RI WHQV WRKXQGUHGVRINLORPHWHUVGRQRWFDSWXUH
these small-scale concentration gradients (Thunis 




coarse continental-scale models (see, e.g., Balk et 
al.WKHDLPRIWKLVVWXG\LVWRPDNHDFDVH
IRU KLJKUHVROXWLRQPRGHOLQJ E\ TXDQWLWDWLYHO\
GHPRQVWUDWLQJ WKH LPSRUWDQFH RI NLORPHWHUVFDOH
DLU TXDOLW\ ¿HOGV LQ WKH HVWLPDWLRQ RI SRSXODWLRQ
H[SRVXUH&OHDUO\ZH GR QRW LQWHQG WR GLPLQLVK
WKHLPSRUWDQFHRIFRDUVHVFDOHDLUTXDOLW\PRGHOV
DV RQO\ WKH\ DUH FDSDEOH RI RIIHULQJ D JHRJUDSK-
LFDOO\ DGHTXDWH RYHUYLHZ UHTXLUHG WR HJ VWXG\ 
transboundary pollutant transport, or to provide later-
DOERXQGDU\FRQGLWLRQVIRUWKHVPDOOHUVFDOHPRGHOV
,Q WKLV SDSHU WKH UHOHYDQFH RI NLORPHWHUVFDOH
resolution modeling is demonstrated by evaluating 
WKHHIIHFWRIPRGHOUHVROXWLRQRQDPELHQWDLUTXDOLW\
and associated human exposure. While it is common 
NQRZOHGJHDQGUDWKHUREYLRXVWKDWKLJKUHVROXWLRQ 
DLUSROOXWLRQ¿HOGVDUHUHTXLUHGWRFDOFXODWHH[SRVXUHWR 





air quality model AURORA (Air Quality Modeling 
in Urban Regions Using an Optimal Resolution 
$SSURDFKFRYHULQJWKHDJJORPHUDWLRQRI%UXVVHOV
(Belgium) and its surroundings at 1 km resolution 
IRUWKH\HDU7KHIRFXVLVRQDQQXDOPHDQ122 
FRQFHQWUDWLRQVVLQFHPHDVXUHPHQWVRIWKLVSROOXWDQW





asthma or other chronic respiratory disease, and it is 
FRQVLGHUHGDJRRGRYHUDOOPDUNHURIWUDI¿FUHODWHG
atmospheric pollution (Ackermann-Liebrech, 2011), 
WKXVPDNLQJLWDUHOHYDQWVSHFLHV LQWKHFRQWH[WRI
XUEDQDQGWUDI¿FUHODWHGKXPDQH[SRVXUH$PELHQW




PHDQYDOXHRIȝJP–3 (see, e.g., Chaloulakou et 
al.
Thompson et al.FRPSDUHGWKHGLIIHUHQFH




not exhibit gradients as strong as the NO2¿HOGVVWXGLHG
LQWKHSUHVHQWSDSHUKHQFHKHUHZHFRQVLGHUDNP
spatial resolution. Hystad et al.HTXDOO\IRXQG
WKDWODQGXVHUHJUHVVLRQPRGHOVZKLFKDFFRXQWIRUD
PXFK¿QHUVSDWLDOGHWDLOWKDQVLPSOHGLVWDQFHZHLJKWHG
interpolation methods, yielded improved exposure 




RI UHVHDUFK LQWR KXPDQ H[SRVXUH WR DWPRVSKHULF
SROOXWDQWV OLHVZLWKLQ WKH IXOO\ VSDFH DQG WLPHUH-
VROYHGDQDO\VLV LQZKLFKODUJHQXPEHUVRISHRSOH
are being tracked, and their instantaneous exposure 
assessed and integrated over time to yield long-term 
H[SRVXUHDFFRXQWLQJIRUYHU\ORFDOHIIHFWVVXFKDV
WKRVHH[SHULHQFHGZKHQGULYLQJDFDULQEXV\WUDI¿F
and also indoor exposure. While the present study 
does not consider all that, our aim is to contribute 
WRDQHQKDQFHGLQVLJKWLQWRWKHEHQH¿WVRIGHWDLOHG
PRGHOLQJ±LQWKLVFDVHIRFXVLQJRQWKHVSDWLDODVSHFW
2. Concentration and exposure calculation
Ambient NO2 FRQFHQWUDWLRQ¿HOGVZHUHFDOFXODWHG
E\PHDQVRIWKHGHWHUPLQLVWLFXUEDQUHJLRQDOVFDOH
limited area Eulerian chemistry-transport model 
$8525$LQFRQMXQFWLRQZLWKPRQLWRULQJGDWD$G-
vection is treated using the Walcek (2000) scheme, 
ZKLFK LVPRQRWRQLF H[KLELWV D UHODWLYHO\ OLPLWHG
QXPHULFDO GLIIXVLRQ DQG FRPHV DW D UHDVRQDEOH
FRPSXWDWLRQDOFRVW9HUWLFDOGLIIXVLRQLVFDOFXODWHG
ZLWK WKH&UDQN1LFROVRQPHWKRG 'H5LGGHU DQG
Mensink, 2002).
*DVHRXVFKHPLVWU\LVWUHDWHGE\PHDQVRIWKHFDU-





et al.DE%HFN[et al. (2009), van de 
Vel et al.DQG/HIHEYUHet al. (2011).
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7KH$8525$PRGHOZDVUXQIRUWKHHQWLUH\HDU
 IRU D GRPDLQ FHQWHUHGRQ1 ODWLWXGH
DQG ( ORQJLWXGHZLWK  JULG FHOOV DW  NP





Eulerian chemistry-transport model BelEUROS 
(Deutsch et al.  (PLVVLRQ LQSXW GDWD IRU 
WKH%UXVVHOV&DSLWDO5HJLRQZHUHDYDLODEOHIURPWKH
Brussels Environment Agency (IBGE/BIM) as annu-
DOWRWDOVIRUWKHWUDQVSRUWPDQXIDFWXULQJVHUYLFHV
DQGKRXVLQJVHFWRUV$OOGDWDZHUHSURYLGHGXQGHU
WKH IRUPRI*,6GDWDVHWV HLWKHU DV OLQH VHJPHQWV
(transport) or as polygons (remaining sectors). By 
RYHUOD\LQJWKHHPLVVLRQVZLWKWKHPRGHOJULGJULG
FHOOHPLVVLRQVZHUHREWDLQHGE\ZHLJKLQJWKHOLQH
segment and polygon values by the actual length or 









ronment Agency (VMM), the Brussels Environment 
$JHQF\,%*(%,0WKH,QVWLWXWHIRU3XEOLF6HUYLFH
(ISSEP) and the Walloon Air and Climate Agency 
$:$&*LYHQWKHNPUHVROXWLRQRIWKH$852-
5$VLPXODWLRQUHVXOWVZHRQO\HPSOR\HGPHDVXUH-






used in the AURORA simulations.
)LJ7KHXSSHUSDQHOVKRZVWKHVLPXODWHGELDVFRUUHFWHG
annual mean NO2 FRQFHQWUDWLRQ¿HOG IRU%UXVVHOV DQG
VXUURXQGLQJV0DMRUURDGVDUHVKRZQDVZKLWHOLQHVDQG
WKHEODFNOLQHPDUNVWKHERUGHUVRIWKH%UXVVHOV&DSLWDO



































































































ropean Parliament), 41B011 (St. Agatha-Berchem), 
41MEU1 (Meudon), 41R012 (Ukkel), 42N040 (St. 
3LHWHUV/HHXZ 5 6W 6WHYHQV:ROXZH
50HFKHOHQDQG1$DUVFKRWWKHLU
SRVLWLRQVDUHVKRZQDVEODFNVTXDUHVLQFigure 2.




Subsequently, the simulated annual mean NO2 concen-
WUDWLRQVZHUHLQWHUSRODWHGWRWKHSRVLWLRQVRIWKHPRQL-
WRULQJVWDWLRQVDQGXVHGWRJHWKHUZLWKWKHREVHUYHGYDO-
ues at the corresponding stations to estimate error sta-
WLVWLFV\LHOGLQJDURRWPHDQVTXDUHHUURURIȝJP–3 
DQGDELDVRIȝJP–3. We also did a least square 
UHJUHVVLRQEHWZHHQWKHVLPXODWHGDQGREVHUYHGYDOXHV
WKHYDOXHVRIWKHUHJUHVVLRQFRHI¿FLHQWVa ȝJP–3 
and b  SRLQWLQJWRZDUGVDWRR³ÀDW´EHKDYLRU
RIWKH$8525$PRGHOLHQRWH[KLELWLQJVXI¿FLHQW
variation) compared to observed values. Yet, given the 
KLJK VSDWLDO FRUUHODWLRQFRHI¿FLHQWRIEHWZHHQ




values throughout the domain.
The resulting annual mean NO2 concentration 
pattern, simulated by AURORA and corrected 
IRUELDVDVH[SODLQHGDERYHLVVKRZQLQ)LJXUH
&OHDUO\ WKHFLW\RI%UXVVHOVLQWKHGRPDLQFHQWHU
exhibits substantially higher concentrations and 
spatial gradients than the surrounding areas. A 
FURVVYDOLGDWLRQ³OHDYHRQHRXW´RIWKHELDVFRU-
rected simulated NO2 FRQFHQWUDWLRQ ILHOG ZDV
FRQGXFWHG H[FOXGLQJ HDFK VWDWLRQ LQ WXUQ IURP
the bias correction procedure mentioned above, 
DQG XVLQJ WKHPHDVXUHG FRQFHQWUDWLRQ IURP WKDW
VDPHVWDWLRQIRUDQLQGHSHQGHQWYDOLGDWLRQ)LJ 
The resulting error statistics have a root mean square 
HUURURIȝJP–3DELDVRIȝJP–3, and a (spa-
WLDOFRUUHODWLRQFRHI¿FLHQWRI)URP)LJXUH 
it is also clear that the corrected NO2¿HOGVXVHG
LQWKLVVWXG\VDPSOHWKHYDULDELOLW\RIWKHREVHUYHG
¿HOGIDLUO\ZHOOVRWKDWZHIHHOFRPIRUWDEOHLQDS-
plying the correction equation to all the grid cells 
RIWKHGRPDLQ




E pc p=  (1)
the brackets denoting a spatial mean operator, and 
ZLWKpi and ci the population density and concen-
tration at grid cell i UHVSHFWLYHO\:HPDGHXVHRI
JULGGHGSRSXODWLRQGHQVLW\IRUWKH(XURSHDQ8QLRQ
established by Gallego (2010), aggregating the 
RULJLQDOPUDVWHUYDOXHVWRWKHNPJULGRIWKH
AURORA model (Fig. 2). From an analysis presented 
in Gallego (2010), it emerges that the uncertainty on 
the population density estimated at the spatial scale 
RINPLVRIWKHRUGHURIDWOHDVWLQWKHPRVW
densely populated zones.
([SRVXUHZDV FDOFXODWHG IRU GLIIHUHQW VSDWLDO
UHVROXWLRQV RI WKH FRQFHQWUDWLRQ ¿HOGV7R GR VR
ZHH[WUDFWHGDVXEGRPDLQFRPSRVHGRIWKHFHQWUDO 
îJULGFHOOVIURPWKH$8525$PRGHOGRPDLQ
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Fig. 3. 6FDWWHUSORWRIWKHVLPXODWHGYVWKHREVHUYHGDQ-
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an important contribution, as they introduce a sys-




3. Results and discussion
The original vs. the spatially degraded simulated NO2 
FRQFHQWUDWLRQ¿HOGVDUHVKRZQLQ)LJXUHDQGWKH
YDULDWLRQRIWKHFDOFXODWHGH[SRVXUHZLWKWKHVSDWLDO
UHVROXWLRQRI WKHVH¿HOGV LV LOOXVWUDWHG LQ)LJXUH




concentration values yield an exposure that exceeds 
WKHFRDUVHUHVROXWLRQYDOXHE\PRUHWKDQ
The error on the calculated exposure values can 
EHHVWLPDWHGDVIROORZV6WDUWLQJIURP(TDQG
DSSO\LQJ WKH WKHRU\ RI SURSDJDWLRQ RI XQFHUWDLQW\
VHHHJ:LONVLWFDQEHVKRZQWKDWWKHHUURU












pji cj σp ci σcji pj
σp pi σcji cj
E
 (2)
In this expression, the summation is over all grid 
cell pairs i and j. The symbols ıpi and ıci denote the 
uncertainty on the population density and the con-
FHQWUDWLRQUHVSHFWLYHO\LQWKHJULGFHOOZLWKVSDWLDO
index i. The ȡijGHQRWHWKHVSDWLDOFRUUHODWLRQRIWKH
XQFHUWDLQW\EHWZHHQSDLUVRIYDULDEOHVDWJULGSRVL-
tions i and jLQSDUWLFXODUEHWZHHQWKHFRQFHQWUDWLRQV
(superscript cc on ȡijEHWZHHQWKHSRSXODWLRQGHQVLW\
values (superscript pp), DQGWKHFRUUHODWLRQVEHWZHHQ








Fig. 4. Simulated bias-corrected annual mean NO2FRQFHQWUDWLRQVIRU
the study domain. 
)LJ 8SSHU SDQHO SRSXODWLRQZHLJKWHG122 concen-
tration E pc p= LHH[SRVXUHIRUWKHîNP2 
sub-domain considered in the exposure-versus-resolution 
DQDO\VLVDQGVKRZLQJWKHHUURUFDOFXODWHGDVH[SODLQHGLQWKH
PDLQWH[W/RZHUSDQHO7KHQXPEHURISHUVRQVH[SRVHGWR
annual mean NO2FRQFHQWUDWLRQVDERYHDYDOXHRIȝJP–3. 
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FRUUHODWLRQVWKHDERYHH[SUHVVLRQZRXOGUHGXFHWRD
more classical expression simply involving the sum 
RIWKHVTXDUHGHUURUYDULDQFHV
(DFKSDQHOVKRZVFRQFHQWUDWLRQSDWWHUQVDW WKH
spatial resolution (in kilometers) indicated in its 
ORZHUOHIW FRUQHU7KH XSSHUOHIW SDQHO VKRZV WKH
concentration pattern at the original 1 km resolution. 
7KHRWKHUSDQHOVVKRZIURPOHIWWRULJKWDQGIURPWRS
to bottom, spatially aggregated values at increasingly 
coarse resolutions. The color legend is the same as 




ρij = exp ,–(rij / r0)2[ ]  (3)
as done in Singh et al.DQGZLWKr0 the de-cor-
UHODWLRQGLVWDQFH7KLV ODWWHUTXDQWLW\ LVGLI¿FXOW WR
estimate, yet given that the error on the population 
GHQVLW\W\SLFDOO\YDULHVVSDWLDOO\DVWKHGHQVLW\LWVHOI
(since, generally, in dense urban areas there is an un-
derestimation, and over rural areas an overestimation, 
VHH*DOOHJRZHDVVLJQDYDOXHRIr0 = 10 km, 
ZKLFKYHU\URXJKO\LVWKHVSDWLDOVFDOHRYHUZKLFK
population density patterns vary in the domain studied. 
While this is a very rough estimate, the precise value 
RIWKLVSDUDPHWHUGRHVQRWPDWWHUWKDWPXFK,QGHHG
ZHIRXQGRXWWKDWE\LQFUHDVLQJr0 E\DIDFWRURIWHQ









,LE p c p c= ≡  (4)
the index L UHIHUULQJWRWKHORZUHVROXWLRQZKLFKLV
VLPSO\WKHGRPDLQZLGHPHDQFRQFHQWUDWLRQLWVHOI
,QRUGHUWRHVWDEOLVKDUHODWLRQEHWZHHQWKHORZDQG 
high-resolution H[SRVXUH HVWLPDWHVZH FRQVLGHU
WKHFRYDULDQFHEHWZHHQSRSXODWLRQGHQVLW\DQGWKH
VLPXODWHGFRQFHQWUDWLRQ¿HOG
cov(p, c) = = –p –( () )p p .cc – c pc  
8VLQJWKLVWRJHWKHUZLWK(TDQG(TZH
obtain
E = EL + cov(p, c) p /  
7KLV H[SUHVVLRQ H[SODLQV WKH HIIHFW RI HPSOR\-
ing high-resolution model output on the estimated 
H[SRVXUH,QGHHG LWVWDWHV WKDW WKH³IXOO´H[SRVXUH
LVHTXDOWRWKHORZUHVROXWLRQHVWLPDWHSOXVDQDGGL-
WLRQDOWHUPFRQWDLQLQJWKHVSDWLDOFRYDULDQFHEHWZHHQ
SRSXODWLRQ GHQVLW\ DQG FRQFHQWUDWLRQ ¿HOG$OVR
intuitively, it makes sense that the exposure should 
GHSHQGRQWKHH[WHQWWRZKLFKWKHVHWZRYDULDEOHV
change together, i.e., exhibit matching patterns.
)LQDOO\ZH FRQVLGHUHG WKH QXPEHU RI SHUVRQV
exposed to annual mean NO2 concentrations above 
WKHȝJP–3WKUHVKROGYDOXHRIWKH(XURSHDQ$LU
Quality Directive (see Introduction). Not surpris-
LQJO\DVVKRZQLQ)LJXUHWKHQXPEHURIH[SRVHG
SHUVRQVDOVRGHFUHDVHVZKHQGHJUDGLQJ WKHVSDWLDO









4. Summary and conclusions
:HFRQGXFWHGDVLPXODWLRQZLWKWKHGHWHUPLQLVWLFDLU









ground-level annual mean NO2FRQFHQWUDWLRQVZLWK
JULGGHG SRSXODWLRQ GHQVLW\ ¿HOGV7KLVZDV GRQH
FRQVLGHULQJGLIIHUHQWUHVROXWLRQVRIWKHFRQFHQWUDWLRQ
¿HOG VSDWLDOO\DJJUHJDWLQJ WKH ODWWHU WR UHGXFH WKH
UHVROXWLRQIURPLWVRULJLQDONPJULGGHGYDOXH,W
ZDVIRXQGWKDWIRUWKHGRPDLQVWXGLHGWKHH[SRVXUH







RISHUVRQV LQ WKHVWXG\GRPDLQH[SRVHG WRDQQXDO





7KLVZRUNZDV VXSSRUWHG E\ WKH(XURSHDQ&RP-
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